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SUMMARY 
A tunable  high-resolut ion two-stage heterodyne radiometer  has  been develop-  
fo r  t he  pu rpose  o f  i nves t iga t ing  the  in t ens i ty  and l i neshape  of t h e  
2.033-GHz (zl1 f 202) r o t a t i o n a l  t r a n s i t i o n  of water vapor.   Single-sideband 
s t e m  noise temperatures of approximately 45,000 K have been obtained using a 
n s i t i v e  GaAs Schottky  diode as t h e  f i r s t - s t a g e  m i x e r .  F i r s t  l o c a l - o s c i l l a t o r  
w e r  was suppl ied  by a CO -laser pumped formic  ac id  laser (761.61 GHz), gen- 
a t i n g  a n  X-band I F  s i g n a ?  w i t h  t h e o r e t i c a l  l i n e  c e n t e r  a t  9.5744 GHz. Second 
c a l - o s c i l l a t o r  power w a s  provided by a tunable  C-band source.  A r e s o l u t i o n  
c p a b i l i t y  of 1 MHz w a s  achieved by means  of a 3-GH.z wavegu ide  cav i ty  f i l t e r  
t h  o n l y  9-dB i n s e r t i o n  loss. 4 
In  absorpt ion measurements  of  the H 0 taken from a labora tory  s imula t ion  
04 a h igh -a l t i t ude  rocke t  plume, the cenger  f requency of t h e  752-GHz l i n e  w a s  
de te rmined  to  wi th in  1 MHz of the  repor ted  va lue .  A ro t a t iona l  t empera tu re  
% 75 K ,  a l i newid th  % 5 MHz and a Doppler s h i f t  % 3 MHz (from a 45-degree rota- 
t i o n  of t he  f low d i r ec t ion )  were measured  wi th  the  l ine-of -s ight  in te rsec t ing  
the  simulated-plume  axis a t  a d i s t a n c e  downstream of 30 nozzle  diameters.   These 
absorp t ion  da ta 'were  obta ined  aga ins t  cont inuum background rad ia t ion  sources  
a t  temperatures  of  1175  and  300 K.  
INTRODUCTION 
' Recent  advances  in  mixer  technology a t  submill imeter-wavelengths  have made 
p e r a t u r e s  below  20,000 K ( r e f .  1). A s  p a r t  of a Lincoln  Laboratory  program 
pc/ss ible  the development  of  heterodyne receivers  with s ingle-s ideband system 
submi l l imeter -wave  rad ia t ive  proper t ies  of H 0 molecules  in  
rocket  plumes (refs .  1 ,2) ,  a he te rodyne  rece iver  similar t o  t h a t  
2 
( r e f .  1) has been adapted to  measure the rotat ional  tempera-  
tdre of t h e  752.033 GHz ( r e f .   3 )   t r a n s i t i o n   ( 2  f 202)  of H 0 (a  prominent 
piume cons t i t uen t )   unde r   s imu la t ed   cond i t ions   h igh   a l t i t ude  (% 150 km). A t  
a i t i t u d e s  where co l l i s ions  wi th  ambient  molecules  are s u f f i c i e n t l y  i n f r e q u e n t ,  
ad i aba t i c  coo l ing  th rough  r ap id  volume expansion of H20 vapor  emi t ted  in to  the  
2 
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vacuum from a n o z z l e  c a n  p r o d u c e  r o t a t i o n a l  t e m p e r a t u r e s  o f  s e l e c t e d  t r a n s i t i o n s  
w e l l  below 100 K ( r e f s .  2 , 4 ) .  I n  w o r k  r e p o r t e d  r e c e n t l y ,  B u l a t o v  e t  a l .  
( r e f .  5) performed active measurements  with a spec t rometer  on  four  submi l l ime-1  
ter-wave H 0 l i n e s  ( i n c l u d i n g  t h e  2 t r a n s i t i o n )   i n  a p l a n a r  stream 1 
u n d e r  c o n d l t i o n s  o f  r e l a t i v e l y  h i g h  a m b i e n z  p r e s s u r e  t h r o u g h  a p o i n t  a l m o s t  a t  1 
t h e  ex i t  p l a n e .  T h i s  p a p e r  d e s c r i b e s  t h e  e x p e r i m e n t a l  d e t a i l s  a n d  some i n i t i a i  
r e s u l t s  o f  p a s s i v e  m e a s u r e m e n t s  o f  H20 emi t t ed  f rom a s i m u l a t e d  r o c k e t  i n t o  a 
h i g h  vacuum a t  a p o i n t  f a r t h e r  d o w n s t r e a m  ( r e f .  6 ) .  
2 11 + 2o 
THEORETICAL  CONSIDERATIONS I 
B a s e d  o n  t h e  r e s u l t s  o f  a t h e o r e t i c a l  a n a l y s i s  ( r e f s .  2 , 4 ) ,  i t  has  been 
c o n c l u d e d  t h a t  t h e  c o m b i n a t i o n  o f  h i g h  o p t i c a l  d e p t h  a n d  l o w  r o t a t i o n a l  t e m p e r a -  
t u r e  i n  a water vapor  vacuum expans ion  wou ld  mos t  l i ke ly  occur  fo r  t he  low- 
l y i n g  r o t a t i o n a l  t r a n s i t i o n s ,  p a r t i c u l a r l y  t h e  1 a t  'L 557 GHz and   the  1 
at  'L 752 GHz ( f i g .  1). A t  t h e s e   s p e c t r a l - l m e   f r e q u e n c i e s ,   t e m p e r a - I  
t u r e s  f a r  b e l o w  room tempera ture  (% 5 0  K) are  e x p e c t e d  t o  b e  r e a c h e d  w i t h i n  a ~ 
s h o r t  d i s t a n c e  f r o m  t h e  n o z z l e  t h r o u g h  a d i a b a t i c  c o o l i n g  by  volume  expansion. 1 
10 + l o 1  
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W i t h  t h e  c o n d i t i o n s  o f  l o w  p r e s s u r e  a n d  t e m p e r a t u r e  a n t i c i p a t e d  i n  t h e s e  
e x p e r i m e n t s ,  p r e s s u r e  b r o a d e n i n g  o r  s e l f - b r o a d e n i n g  o f  t h e  s p e c t r a l  l i n e  i s  n o t  
poss ib l e   i n   t he   downs t r eam  r eg ime   o f   t he   p lume .   The rma l   Dopp le r   e f f ec t s   f rom 
random molecular motion would normally be the dominant broadening mechanism, 
and  would  be  determined  by 1 
"thermal = 2 (  2 1 v ,  (1) i mc I 
2kT Rn2 112 1 
where m i s  t h e  mass o f  t h e  H20 molecule ,  k i s  Bot tzmann ' s   cons tan t ,   and  c i s  : 
t h e   v e l o c i t y   o f   l i g h t .   S i n c e  Av = 2.2  MHz a t  v = 7 5 2  GHz and T = 300 K ,  
however, i t  c a n  b e  a r g u e d  t h a t  the p r m c i p a l  s o u r c e  o f  l i n e  b r o a d e n i n g  i n  t h e  
expanding plame i s  more l i k e l y  t o  b e  t h e  m o l e c u l a r  f l o w  v e l o c i t i e s .  
hermal 
Because   t he   mo lecu la r   f l ow  ve loc i ty  v of   the   p lume  can   reach   severa l  
kmlsec,  i t s  D o p p l e r  e f f e c t s  are e x p e c t e d  n o &  o n l y  t o  c a u s e  l i n e - c e n t e r  f r e q u e n c y  
s h i f t s  Avshif wh ich   depend   on   t he   d i r ec t ion   o f   t he   f l ow  r e l a t ive   t o   t he  ob- 
s e r v e r ,  b u t  a f s o  t o  c o n t r o l  t h e  l i n e w i d t h  Avwidth, which is a f u n c t i o n  o f  v 
and   t he   p lume   d ive rgence   ang le .   In   f i gu re   2 ,   an   e l emen ta ry   mode l   dep ic t ing  , f low 
t h e s e   D o p p l e r   e f f e c t s  i s  ske tched .   Wi th   t he   f l ow  d i r ec t ed  a t  an .   angle  8 




" s h i f t  - c 
'L- 
For a p lume d ivergence  angle  
t h e  D o p p l e r  l i n e w i d t h  may be 
s i n e .  ( 2 )  
a ( d e f i n i n g  t h e  o p t i c a l l y  t h i c k  p a r t  o f  t h e  p l u m e ) ,  
es t imated   by  I 
I 
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W'th a = ~ / 2 ,  and v = 2 km/sec. ,  for  example,  
a l i n e w i d t h  s i g n i f i c a n t l y  g r e a t e r  t h a n  e v e n  t h e  room t e m p e r a t u r e  v a l u e  of t h e  
t ermal Doppler   wid th   es t imated   above .   For  a cold  plume  temperature  (% 75 K ) ,  x f low "wi t h  % 7 MHz a t  V = 752 GHz, 
EXPERIMENTAL  TECHNIQUES 
TO m e a s u r e  t h e  r o t a t i o n a l  t e m p e r a t u r e  o f  t h e  752-GHz l i n e ,  a h i g h - r e s o l u t i o n  
he te rodyne   rad iometer  w a s  employed. A s  shown i n  f i g u r e  3 ,  a f o r m i c   a c i d  (HCOOH) 
FIR laser, pumped by a 40-W C 0 2  laser a t  10.6 pm was u s e d  t o  p r o v i d e  l o c a l  
o s c i l l a t o r  power f o r   t h e   f i r s t   h e t e r o d y n e   s t a g e   o f   t h e   r a d i o m e t e r .  The s t r o n g  
C W  
a GaAs Scho t tky   d iode   ( r e f .  1). A f t e r   i n t e r m e d i a t e   f r e q u e n c y   ( I F )   a m p l i f i -  01 
0 r o t a t i o n a l  l i n e  o f  i n t e r e s t .  F i r s t - s t a g e  m i x i n g  w a s  accomplished  by  means H 
l i n e  a t  761.6 GHz i s  c a p a b l e  of  d e l i v e r i n g  30 mW and i s  w i t h i n  10 GHz o f  t h e  
t i o n  w i t h  a low-noise X-band FET a m p l i f i e r ,  t h e  s i g n a l  was  mixed down t o  
band  by  means  of a C-band sweep  gene ra to r  t o  p rov ide  an  IF  fo r  wh ich  a 0.9-MHz 
ndwidth,  3-GHz c a v i t y  w a v e g u i d e  f i l t e r  w i t h  o n l y  9-dB i n s e r t i o n  l o s s  w a s  
i l i z e d   ( f i g .  4 ) .  B e c a u s e   t h e   l i n e w i d t h s   o f   t h e r m a l l y   b r o a d e n e d   r o t a t i o n a l  
n e s  were o n  t h e  o r d e r  o f  o n l y  a few MHz, t he  impor t ance  o f  a f i l t e r  c a p a b l e  
p r o v i d i n g  r e s o l u t i o n  less  t h a n  1 MHz is  c r u c i a l  i n  a n y  a p p l i c a t i o n  w h e r e  
l e c u l a r  d e n s i t i e s  and o p t i c a l  d e p t h s  are low  enough t o  p r o d u c e  l i n e w i d t h s  
a t   app roach   t he   t he rma ' l   Dopp le r  l i m i t .  A n o t h e r   f e a t u r e   o f   t h i s   t w o - s t a g e  
c e i v e r  was t h e  c o n t i n u o u s l y  f i n e  t u n a b i l i t y  a f f o r d e d  by t h e  s e c o n d  l o c a l  
s c i l l a t o r .  
To make pass ive  measu remen t s  o f  na r row- l ine  spec t r a  wi th  a he terodyne  re- 
iver ,  i t  i s  impor t an t   t o   r emember   t ha t ,   wh i l e  two s idebands  are gene ra t ed   by  
e mixing  process ,   only  one  of   them w i l l  c o n t a i n  t h e  d e s i r e d  i n f o r m a t i o n .  I n  
i g u r e  5 ,  i t  i s  e x p l a i n e d  how t h e  two s i d e b a n d s  c o m b i n e  i n  t h e  f i r s t  I F  s t a g e .  
t h e  case d e p i c t e d ,  a room t e m p e r a t u r e  a b s o r p t i o n  l i n e  i n  the  lower  s ideband  
o b s e r v e d  a g a i n s t  a h o t  b l a c k b o d y  c o n t i n u u m ,  w i t h  t h e  b a s e l i n e  f o r  e a c h  s i d e -  
a n d   s u p p l i e d   b y   t h e  room tempera tu re   chopper   b l ade   r e fe rence .   S ince   t he   uppe r  
ideband is n o t  f i l t e r e d  o u t ,  t h e  b a s e l i n e  o f  t h e  l o w e r  s i d e b a n d  m u s t  b e  i d e n t i -  
i e d  as t h e  t o p  of t h e  u p p e r  s i d e b a n d  c o n t r i b u t i o n  when t h e  two s idebands  are 
omb ined  . 
I 
1 A c o n v e n i e n t   f e a t u r e   o f   t h i s   p a r t i c u l a r   e x p e r i m e n t  l i e s  i n   t h e   f a c t   t h a t  
c o l l i s i o n  b r o a d e n i n g  o f  t h e  a t m o s p h e r i c  H 2 0  l i n e  is l a r g e  e n o u g h  t o  f i l t e r  o u t  
t h e  e n t i r e  l o w e r  s i d e b a n d  when s t e p s  t o  remove t h i s  m o i s t u r e  f r o m  t h e  o p t i c a l  
p a t h  are n o t   t a k e n .  A s  a r e s u l t ,  t h e  u p p e r  s i d e b a n d  s i g n a l  c o n t r i b u t i o n  c a n  b e  
i s o l a t e d  a n d  r e c o r d e d  i n i t i a l l y ,  a n d  t h e n  t h e  v o l u m e  s u r r o u n d i n g  o p t i c a l  p a t h  
o f  t h e  s i g n a l  p u r g e d  i n  a d r y  N e n c l o s u r e  ( f i g .  4 )  t o  p e r m i t  t h e  p a s s a g e  o f  
t h e   l o w e r   s i d e b a n d   c o n t a i n i n g  tze a b s o r p t i o n   l i n e .  Once t h i s  is accomplished,  
E 
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tion  line)  and the  measurements  can  proceed,  using  the  top  of  the  uppgr  side- 
band as the 300-K reference. By measuring  the  signal from a liquid-nitrogen- 
cooled (77 K )  blackbody  source,  the  output  voltage  from  the  phase-sensitive 
detector (PSD) can  be  calibrated  directly  in  terms of temperature.  With  this 
calibration  source,  a  single-sideband  system noise temperature  of 45,000 K was1 
determined. 
For the  radiometric  observations  of  simulated  rocket  plumes,  a  large higl 
vacuum  chamber (% 10 m long by 3 m in  diameter) with  a liquid-nitrogen  cryopar 
eled  lining was used  to  create  the  conditions  of  high  altitude.  Along  the  ax: 
of  the  chamber,  a  laboratory-scale  jet  with  a  sonic  nozzle  was  used to  gen- 
erate  a  controlled  flow  of  adiabatically  expanding H 0 molecules,  as  shown  in 
figure 6 .  To  provide  a  background  of  temperature  greater  than  that  of  the rei 
erence, in  this  case  a 300-K chopper  blade,  a  mercury-arc  lamp was installed 
at a port  opposite  to  the  Z-cut  quartz  exit  window.  By  defocussing  the  Collin 
ating  optics (fig. 7 ) ,  a  real  image of  the source  may be  established  at  the 
first-stage mixer,  with the  ray  paths  parallel to the  beam  from  the FIR local 
oscillator.  With  this  background,a  signal-to-rms  noise  of 2 0  was  attainable 
for  an  integration  time  of 4 seconds. 
2 
EXPERIMENTAL  RESULTS 
! 
With  the  chamber  evacuated  to  a  roughing  pressure  of 10 Torr and  the  ar -2 
lamp  turned on, an optically  thick  absorption  of  the 2 f 2 transition was 
measured with  center  at 9 .5737  * 0.0010 GHz  in  the  firik IF gznd  (table I). 
In figure 8, the  trace  of  the  Lorentzian-shaped  line  is  presented,  with  a scal
determined  by  calibrating  the  radiometer  by  means  of  a 7 7  K blackbody (a sheet 
of absorbing  material  cooled  by  liquid  nitrogen). The mercury-arc  lamp  temper 
ture was measured  at 1000 K, and raised  to 1175 K after  correcting  for  the 
effect  of  the 300-K quartz  window  with  emissivity Q 0 . 2 0 .  The  postdetection 
integration  time  for  these  measurements was 4 seconds. If the  frequency  of  th 
formic acid  LO  line is taken as 7 6 1 . 6 0 7 6  ? 0.0005 GHz (ref. 7 )  , and  the H 0 
line  frequency as 7 5 2 . 0 3 3 2  * 0.0005 GHz (ref. 3 ) ,  the  expected  first IF is 2 
9 . 5 7 4 4  2 0.0010 GHz, less  than 1 MHz from  the  measured  value.  The  discrepancy 
between  these two values can  be  accounted  for  by  the  accumulated  measurement 
errors  involved  in  the  present  experiment  and  the  referenced  work. The minimu: 
linewidth  observed was approximately 2.5 MHz, in  good agreement  with  the  cal- 
culated  thermal  (Doppler)  width  of 2 . 2  MHz  for H20 at 300 K .  
I 
i'
With  the  chamber  walls  cooled to 77 K and  the  pressure  reduced  to Q 
Torr, the  rotational  temperature  of  the H 0 line  in  the  plume of the  steam  jet 
was investigated. For  a  water  flow  rate of 1 g/sec and a stagnation  tempera- 
2 I 
ture  of 900  K, the  theoretical  prediction  (ref. 4 )  of  the  signal  brightness  or 
antenna  temperature  T  as  a  function  of  distance  downstream  (in  terms  of  nozzle 
diameters R) along  the  plume  axis  is  given  by  the  curve in figure 9 .  In 
figure 10, the  absorption  line  trace  for R = 30 is  presented. The  temperature 
at  the line  center was 7 5  K (after applying  the  quartz  window  emissivity  cor- 
rection to  the measured  value  of 120 K ) ,  and  the  linewidth  was 5.5 MHz. 
A 
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I I n  f i g u r e  11, t h e  r e s u l t s  o f  a second  experiment  are p r e s e n t e d .  To test f r t h e  o c c u r r e n c e  o f  a D o p p l e r  s h i f t ,  t h e  steam j e t  w a s  r o t a t e d  away f r o m  t h e  1: d iomete r  t h rough  an  ang le  8 = r / 4  and the  absorp t ion  measurement  repea ted .  I t h i s  case, t h e  l i n e  c e n t e r  f r e q u e n c y  w a s  r e d - s h i f t e d  b y  3 MHz, a l t h o u g h  i ts  w * d t h  d e c r e a s e d  t o  4.2 MHz b e c a u s e  o f  t h e  l i k e l i h o o d  t h a t  a po r t ion  o f  t he  p lume  w s s t r i k i n g  t h e  c o l d  w a l l  b e f o r e  p a s s i n g  t h r o u g h  t h e  r a d i o m e t e r  beam. F i n a l l y ,  t e a b s o r p t i o n  was obse rved  wi th  a 300-K background  ( i . e . ,  w i th  the  l amp  tu rned  
0 f )  a n d  t h e  t e m p e r a t u r e  a n d  l i n e w i d t h  were i n  a g r e e m e n t  w i t h  t h e  d a t a  t a k e n  
f r the  ho t  background .  a 
The r e s u l t s  o f  f r e q u e n c y ,  l i n e w i d t h  a n d  D o p p l e r  s h i f t  m e a s u r e m e n t s  are 
l i s t e d  i n  t a b l e  I. From e q u a t i o n  ( 3 ) ,  a n  e f f e c t i v e  a n g l e  ~1 = 80" and a f l o w  
v e l o c i t y  v = 1 . 7  km/sec   ( re f .   8 )   would   p rovide  a l i n e w i d t h   o f  5.5 MHz. With 
t t e  
w a s  
t a . k e n  i n t o  a c c o u n t ,  t h e  c a l c u l a t e d  v a l u e  o f  Avwidth f o r  t h e  same plume condi t ions  
plume  Ak%cted  away  from t h e  r a d i o m e t e r  ( 8  = .rr/4), and wi th  w a l l  e f f e c t s  
c o . l d i t i o n s  w a s  3.0 MHz, i n  ag reemen t  wl th  the  measu red  va lue .  
above .   The   ca lcu la ted  estimate of Avsbift f rom  equa t ion  ( 2 )  f o r  t h e s e  plume 
3.8 MHz, i n  r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  m e a s u r e d  v a l u e  o f  4 . 2  MHz mentioned 
CONCLUSIONS 
W i t h  t h e  a i d  o f  a h igh - re so lu t ion  two-s t age  he t e rodyne  r ad iomete r ,  spec t r a l  
a sorp t ion  measurements  of  the  752 .033  GHz l i n e  of H20 vapor  were c a r r i e d  o u t  5 i n g  a blackbody continuum as a b a c k g r o u n d  r a d i a t i o n  s o u r c e  f o r  i n v e s t i g a t i n g  
t i e  a b s o r p t i v e  p r o p e r t i e s  o f  t h e  H20 c o n t e n t  o f  s i m u l a t e d  h i g h  a l t i t u d e  r o c k e t  
p4umes.  The receiver had a r e s o l u t i o n  c a p a b i l i t y  o f  1 MHz and  was  tunable 
t q r o u g h  t h e  u s e  of  a C-band microwave sweep generator as a second-s t age  loca l -  
0s ;c i l la tor   source .   Wi th   thermal ly   Doppler   b roadened  H20 a t  room t e m p e r a t u r e ,  
ttje l i n e  c e n t e r  f r e q u e n c y  w a s  de t e rmined  wi th in  1 MHz o f  t h e  r e p o r t e d  v a l u e ,  
a n d  t h e  l i n e w i d t h  w a s  i n  c l o s e  a g r e e m e n t  w i t h  t h e  c a l c u l a t e d  v a l u e .  
hl 
' To s i m u l a t e   t h e   p h y s i c a l   s i t u a t i o n   o f  a h i g h   a l t i t u d e   r o c k e t   i n  a l a b o r a -  
t o ry  env i ronmen t ,  a small steam j e t  was o p e r a t e d  i n s i d e  a l a r g e  h i g h  vacuum 
chamber ,   w i th   t he  H 0 j e t  plume t r a v e r s i n g   t h e   r a d i o m e t e r   l i n e - o f - s i g h t .   T h e s e  
e x p e r i m e n t s  v e r i f i e 2  t h a t  t h i s  r o t a t i o n a l  l i n e  i s  o p t i c a l l y  t h i c k ,  w i t h  exci- 
t a t i o n  t e m p e r a t u r e s  b e l o w  100 K ,  i n  t he  downs t r eam pa r t  o f  t he  p lume ,  as p r e -  
d i c t e d   b y   t h e o r e t i c a l   m o d e l i n g .  From t h e   m e a s u r e d   t r a c e s  of  t h e  a b s o r p t i o n  l i n e  
p r o f i l e ,  i t  w a s  conc luded  tha t  Dopp le r  e f f ec t s  f rom p lume  molecu la r  f l ow 
ve loc i ty  componen t s  a long  the  r ad iomete r  l i ne -o f - s igh t  were t h e  p r i n c i p a l  s o u r c e s  
of  t he  measu red  l i newid th .  
A D o p p l e r  s h i f t  i n  t h e  l i n e  c e n t e r  f r e q u e n c y  w h i c h  o c c u r r e d  when t h e  plume 
d i r e c t i o n  w a s  r o t a t e d  r e l a t ive  t o  t h e  l i n e - o f - s i g h t  w a s  a l s o  j u d g e d  t o  b e  c a u s e d  
by t h e  c h a n g e  i n  d i r e c t i o n  o f  t h e  m o l e c u l a r  f l o w  v e l o c i t y  c o m p o n e n t  a l o n g  t h e  
plume axis, as v e r i f i e d  b y  t h e  a g r e e m e n t  b e t w e e n  t h e  e x p e r i m e n t a l  r e s u l t  a n d  
t h e o r e t i c a l  p r e d i c t i o n .  
The a u t h o r s  are i n d e b t e d  t o  J. A .  Weiss f o r  p l u m e  s i g n a t u r e  c a l c u l a t i o n s ,  
t o  B. J. C l i f t o n ,  W. D. F i t z g e r a l d   a n d  P .  E. Tannenwald for   deve lopment  of t h e  
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t echno logy  r equ i r ed  to  ca r ry  ou t  t hese  measu remen t s ,  t o  C. D. P a r k e r  f o r  
a s s i s t ance  in  the  ope ra t ion  o f  t he  he t e rodyne  receiver, and t o  W. E .  Courtney 
fo r  p rov id ing  the  narrow-band f i l t e r .  T h i s  work w a s  sponsored by the Depart-  
ment of the Amy. 
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TABLE 1.-SUMMARY OF  EXPERIMENTAL RESULTS FOR R = 30, Vflow = 1 . 7  km/sec, and a = 80' 
F i r s t  I F  (GHz) 




w i t h  8 = 0 (MHz) 
w i t h  8 = ~ r / 4  (MHz) 
f o r  8 =  IT/^ (MHZ) 
Measured 





Calcu la ted  





I 1 I I I I I I I 1 I I 1 I I 1 
8 6 4 2 0 2 4 6 0 
~~ 
ROTATIONAL  ANGULAR MOMENTUM ( J  1 
Figure  1.- Water molecu le  ro t a t iona l  ene rgy  l eve l s .  
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Figure 2.- Elementary model section of plume expansion into a vacuum, def in ing  
the  plume angle cx and the  plume d i rec t ion   angle  8 r e l a t i v e   t o   t h e  
radiometer l ine-of-sight.  
















Figure 3 . -  Optical arrangement for submillimeter-wave (FIR) l a s e r  w i t h  CO 2 









1 MHz BW 
FREQUENCY --C 
Figure  4.- Block diagram of two-stage heterodyne radiometer €or operation 




LOWER  UPPER 
SIDEBAND SIDEBAND 
+ 
9.0 10.0 9.0 10.0 
+- 6.5 
3.5 
1 2.5 - 3.5 
9.0 10.0 
Figure 5.- S ingle-s ideband de tec t ion  of a n a r r o w  a b s o r p t i o n  l i n e  i n  t h e  
presence of two s idebands,  using a hot continuum background source. 
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TWO-STAGE  QUARTZ  TUBE 
WITH  SONIC NOZZLE 
\ 
Figure 6.- Laboratory-scale water vapor j e t  with sonic nozzle.  
IMAGE REGION 
DEFOCUSED 
MERCURY -ARC LAMP 
OPTICS 
"-" 
- SCHOTTKY DIODE 
WITH CORNER-CUBE 
REFLECTOR 
Figure 7.-  Optical arrangement for the mercury-arc lamp, paraboloidal mirror 
and Schottky-barrier diode mixer. 
I I I O K  
752.020  752.030  752.040 
FREQUENCY (GHz) 
Figure  8.- Experimental  trace of thermally broadened H20 l i n e  a t  752.033 GHz 
w i th  vacuum chamber walls a t  300 K.  
R (Nozzle Diameters Downstream) 
I 
Figure  9.- Theore t i ca l  p red ic t ion  o f  j e t  plume b r igh tness  t empera tu re  in  
labora tory  rocke t  s imula t ion  exper iment  as a func t ion  of  R (nozz le  
diameters  downstream) . 
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FREQUENCY I G H z )  
F i g u r e  10.- Exper imenta l  trace of plume H 2 0  l i n e  a t  752.033 G H z  w i t h  vacuum 
chamber walls a t  77 K and f o r  R = 30  and 8 = 0. 
I I I O K  
752.020  752.030  752.040 
FREQUENCY (GHz) 
F i g u r e  11.- Exper imenta l  t race of H 2 0  l i n e  a t  752.033 G H z  w i t h  vacuum 
chamber w a l l s  a t  77 K for  t h e  case of R = 30  and 8 = T/4, showing the  
Doppler s h i f t .  Data are p r e s e n t e d  €or both  1175 K and  300 K continuum 
background cases. 
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